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NATTONAL AERONAUTICS AND SPACE ADMINISTRATION

TECIHNICAL NOTE D--

EXPLORATORY STUDY OF TIHE REDUCTION IN FRICTION DRAG
DUE TC STREANMWISE TNJECTION CF HELIUM

By Byron L. Swcnson

SUMMARY

A ctudy has becn made of the effect on skin friction ot the=
streamwise injcetlon of a licht-ras 2ilm into a boundary lay-r. A simple
analysis of the {low wag maic bascd on the ascumpiion that the boundary
layer was completely replacoed with this licht-sac [ilm.  From the analy-
sis, rocductions in skin friction of up to about 50 percent for lamina
rlows and equal or greaber roductions for turbulent [lows were Indicatbod
with helium uscd as the licht gas. To test this concopt, cxporiments wore
conducted with a 4° halr-angle conc at Mach numbers from 3 b0 5 and Jroc-
stroam Reynolds number (based on cone lencth) of nominally 1.0 to 10 mil-
lion. Reductions in the skin-friction drag of sbout 0 porcont wore
measured at Mech number H with an injection of helium at a macs rate cqual
to about 0.2 percent of the masc rate of irec-stream ailr owept out by the:
base ol the modcl.

1

INTRODUCTION

At high supcrsonic speeds, skin friction is a major contributor to

the drag of slendcr vehicles and thus 1t is of primary importance in thedir
desirn. A substantial decrease in the friction dracs of such vehicles can
materially incrcasce their lift-drag ratios and hence their range.  Further-
morc, a rcduction in skin rriction 1s normally sccompanic: by a corroocpond-
ing reduction in heat trancfer. Experimentally, Pappas (rof. 1) has chown
that reduactions in both skin {riction and heat transfer can be cobtained by
transpiration or normal injection of helium throush a porous wall. Scveral

experimental stuiics (refs. 2, 3, and 4) in conncetion with hrat -transfer
reduction have shown that the strecamwisce injection o o film of a light
gas into a boundary layer can produce cubstantial reductions in the hest-
transicr rates to the wall. In the belic? that this technique nmight wcll
leal to a corrccyponding roduction in skin-friction lrwu, an cxplorator;

stuiy of the ciftect of hclium £ilm Injection on a © nalr- englo cond was
undertaken.
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SYMBOLS

cross sectional area of injection port
speed of sound
viscosity-temperature proportionality constant

forebody axial-force coefficient referenced to base area,
(axial force) - (base force)

qs

friction drag
gSs

skin-fricticn drag coefficient,

injection coetfficient (see eq. (12))

Py-P

surface pressurc coefficient,

injection thrust coefficient (see eq. (13))
local skin-friction coefficient
proportionality factor between cy and Re
equivalent specific impulse of injection (see eq. (14))
Mach number

molecular weight

mass rate of helium injection

pressure

Prandtl number

dynamic pressure

gas constant

universal gas constant

Reynolds number

Reynolds number per foot

base area

R
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T temperature

Th thrust force due to helium injection

u velocity

x distance along axis of cone

a angle of attack

4 ratic of specific heats

K coefficient of viscosity

p density

T wall shear stress

W temperature exponent of viscosity
Subscripts

) air

H helium

e condition Jjust inside outer edge of boundary layer
Superscript

* sonic conditions (i.e., conditions where the local speed is equal

to the local speed of sound)

ANATLYSIS

A Tirst estimate of the effect on friction drag of injecting helium
in a streamwise manner into a boundary layer can be made with the assump-
tion that all the boundary layer is completely replaced by helium. With
this assumption mixing of the free-stream air and the hellum boundary
layer is considered to be negligibly small and only on a molecular scale.
Attention will be focused on flows over a flat plate, but with the use of



simple transformations (scc, e.g., ref. 5, pp. 202-204) the results arc
applicable to concs with the same local condiltions external to the bound-
ary layer as the [lat plate.

Laminar

For laminar {low over an adiabatic wall with zero surface pressure
gradient, the mean skin-friction ccefficient for a {lat plate may be
written as (see ref. 5, pp. 211-214)

el
L

T Re (1)

where £ 1s, in general, a function of Mach number, Prandtl number, and
a parameter w. The parameter w 1s defined by the viscosity approxima-
tilon

po= cp¥

The Reynolds number, Re, is evaluated at conditions Jjust inside the outer
edge of the boundary layer.

As a first approximation w may be taken as unity and in this case
f is a constant independent of Mach number and Prandtl number. There-
fore, by use of thils approximation the ratio of the skin-{riction coeffi-
clent of a helium boundary layer to that of an air boundary layer may be

written as:
Ty _ [Pz Ua MW (2)
Cry fH g Ha

Physically the helium film must be at the same pressure as the air bound-
ary layer it is replacing. Therefore, with the use of this fact and the
equation of state

(where R is the universal gas constant and m 1is the molecular weight
of the gas) equation (2) reduces to:

1

|

|
—
(8]
~

In order to simplify equation (3) attention is now directed to the
viscosity ratio, PH/Ha: and the viscosity data for helium and air pre-
sented in {igure 1. It can be seen that approximately equal viscosities

I W



exict In hoeliwn and air at the same temperaturc. Then, inacmuch ac
has boen assunced to be proporticnzl to T, we may write the following-s

o U R S
be C, T, T T,

Thus the ratio ol skin-"riection cocilicicnts thon bocomes:

The retio of the wall chear stress (i.c., skin-“riction drar Zorce

per unit arca) of the helium leyer to that of the air ic pdven Dby:
c
™m 9% Tx
Ta ds Cp
or
T my Ty ug? °F
__.H; _ j = H ‘H ( o )
= —_ = 5
To Mg Ty Ua™ Cp

Comvinin: cquations (4) and (5) yielic

1o ;
A e ()
Ta sl Ug,

-

Examinction of cquation (C) shows that in order to reluece the retio
TH/Ta, the molccular weight of the injected gas should be low in compari-
son to that of the air, thus justifying the choice of helium as the injec-
tion gas. It also appears that to minimize TH/Ta the value of the {ilm
velocity wup should be smell compared to that of the alr it is rceplacing.
However 1t ds felt thot if the value of uH/ua deviates much from 1, the
protective nature of Lilm will be destroyed by large-scale mixing (i.c.}
increased erf

fective molocular weicht of the £ilm).

For the casc of matched velocities (i.e., ug/u, = 1) rutio of

the wall chear stress with helium injection to that without becomes
g ]

= = C.4

a

or there will be approximately a O-percent roduction in ckin-friction
drag over the arco which remains laminer aftor the injection of helium.



Turbulent

The mean skin-friction coefficient for turbulent flow is given by
the following (see ref. 6)

£
°r = TS (1)

Using the same arguments as in the laminar flow case, we obtain the ratio
of turbulent skin-friction coefficients:

Cr
= o o w5y (8)

where the ratio fH/fa is, in general, not unity.

The value of f 1is primerily a function of Mach number. The approx-
imate variation of f5 with Mach number has been calculated and the
results are shown in figure 2. This variation was calculated with the aid
of the results of Van Driest (ref. 7). Friction coefficients given in
reference | for adiabatic wall conditions and various Mach numbers at a
Reynolds number of 1.0X107 were employed in equation (7) to obtain fa.

Tt should be remembered that this variation is for air flowing over a flat
plate and some modificatlion is nccessary to obtain the variation for
helium. In reference 8 it is shown that turbulent boundary layers in the
two gases will be similar if

yg -1 1.0
Ve -1 Lot

Mg = Mg

In effect, this result means that a turbulent helium boundary layer has
the same frlctlon coefficient as a turbulent boundary layer in air flowing
at the same Reynolds number and a local Mach number 1.29 times the Mach
number of the helium flow. Therefore it may be deduced that

x], -=
My M = 1.29Mg
or that
fa}
higs 4 M = 1.29Mg .
P (9)
fa} ,
M = Mg

where f, 1s determined from figure 2.

TR



The ratio of wall shecar strescs of the helium laycr to that ol the
alr may now be determines by combination of equations (°) and (9) with
equation (5), thus

b

-

a}
T M = 1,000 %ﬂ,4/5 gy 2/5 T 3/s .
fa
M = I’I&
Rewriting the temperature ratio, Ta/TH: as a function of the Mach number
and velocity ratios yiclds:

Thus substitution of the above relation into equation (10) yields

Ta

T
" aJM = 1.29Mg /7y 3/5 g 1/5 MH?6/5 uﬁ\3/5
o e/ e w) (&) (11)

H

-
(89

J:M=NL-:L

For the case of matched velocities the ratio of wall shear stress
with helium injection to that without becomes:

a
T , M = 1.00M My B/5
= 0.k ——— i ME)

or, for example, if My = 5 and Mg = 1 there will be approximately an
80-percent reduction in skin-friction drag over the area where the film
flow is turbulent. In connection with this amount of reduction, it must
be remembered that this is iIn comparison with a turbulent air boundary
layer covering the same area. Now since film injection will probably be
destabllizing to the boundary layer, the point of transition will probably
move forward of the no injection point. Thus the actual reduction in
skin-friction drasg from the no injection value will probably be comowhatb
less than 80 percent.

In order to determine experimentally whether the reduction in skin-
friction drag indicated by this simple analysis can be rcalized by helium
injection, the following experiment was made.
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FXPERIMENT

The study of the effect ol streamwise helium injection on drag was
madce by use of a modcl tested in the Ames 10- by 1k -inch supcrsonic wind
tunnel at Mach numbers of 3.0, 3.5, 4.0, and 5.0. The 10- by li-inch
supersonic wind tunnel is described in detail in reference 9.

The model uscd in this investigation was a &° half-angle cone as
cshown cchematically in figure 3. The total length of the cone was
10.85 inches and the base dilameter was 2.25 inches. The forward 2.585
inches of the cone formed a conical cap which served to aline the helium
flow from the interior supply tube so that it was injected alt from a cir-
cular annulus along the cone surface. The width of the annular gap was
nominally 0.02 inch.

Axial forces were measured with a strain-gage balance mounted aft
of the model and sting connected to the base of the model. Pressures
were determined from measurements on standard U-tube manomcters. For
pressures of less than 4 inches of mercury absolute, dibutylphthalate
was used as the manometer {luid, and for greater pressures, mercury was
used. .

b

The model was equipped with four static-pressurc orifices on the conc
as shown in figure 3. In addition there was a static-pressure orifice on
the interior helium supply tube. One of the cone pressure orifices was
located on the cone at the point of injection. Base pressurcs on the
model were also measurcd.

In all cases, helium was used for the injected gas. The helium was
throttled from a high-pressure supply to the desired injection pressure
by a pressure regulator and was injected from the model at a total temper-
ature of 5200 R (i.e., approximately room temperaturc). Mass-Tlow rabes
were mecasured by means of a tapered tube flowmeter calibrated for helium.

The conditions at which the model was tested are shown in the table
below.

Free-stream Free-streanm Angle of attack,
Mach number | Reynolds number per % deg

3 2.5%X10° 0 to b

3 5.7(%108 0 to 3

3 8.8x10° C to 2

3.5 10.6Xx108 0, 1

4.0 &.x10°® 0 to 2

5.0 3.0X10° 0, 1

R



RESULTS AND DISCUSSION

The objective of the experiments is te evuluate the inrluence on
ckin-rriclicn drug of replacing the high-energy air boundary leyer wilh
a Uilm of low-cnergy helium. In order to study this ef'fect, measurements
were made of total axisl forece on the conical model. The skin-irietion
arayr was arrived ob by Lhe sublraction of the base drag and pressure drug
nd vhe addition ¢l the thrust due to the momentum ol the injected gas to
the botal axlal ferce. First, let us Tocus attention on the intluence of
injectlion on pressurc dr

Pressure distribulions over the cone for each of the vest conditions
are shown in [igure § Tfer zewo sngle of attack only and for somc repre-
sentative valucs of the amount oi” injection. Note thot the amount of
injection 1s glwven in coelficient form, C;, which 1s deflined us the rotio
ol Lhe musc rate of helium injection to the mass rate of frec-strcam uvir
r the bage erea of the model, ur

swonl oul by

gy .
Ci = 757 (12)

The data in Tigure ! do not include ihe pressure cceflficlents meusured o
the point of injection. The pressure coefficients at this point vary from
negative valuces with ne injection fo high positive values with the lurgest

amcunte oit injection.

e

Exemination of the results presented in [irurc b shows that the pres—

surcs were nol allected appreciasbly by the injection so that the pressurc
drog ol the cone remeined essentially constent with injection.

The forecbody axiol-Torce coefficients (i.e., with basc drag removed
but forebody pressure drag retained) for euch of the test conditions
listed in the abcve table are shown in figures 5(a) to 5(f). Aguin the
amount ol injection 1s represented in coefficient form. It should be
noted that thesc duta show the entire effect of injection (i.e., stream-
wise) and part of the decrease in axial-Torce coelficient is due 1o the
thrusv obtained {rom ithce momentum of the injected gns. The lines labeled
"sonic thrust decremcnt” on figures 5 show the amount of decreace in
axial-Zcrce cocfficicent from the zero inJection axial-forece cociticient
that is due to this thrust. This decrement was cbisined feom the analysis
of appendix A which is based on the assumption thot the helium ilow in the
injection vort is sonic. This assumption was borne out by comparison of
the measured pressure in the injection port und the pressure in the inte-
rior helium supnly tube. The thrust coefficient is derived as:

m___ 2lppd) et (1)

Cm = =
Y (1/2)cuss Vi u
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From the results in figures %4 and 5 the skin-friction drag coeffi-
cients may now be obtained by subtraction of the forebody pressure-drag
coefficient and addition of the thrust coefficient to the forebody axial-
force coefficient. Results obtained in this manner are shown in figure 6
as the ratio of the skin-friction drag ccefficient with injection to that
with no injection. The drag-coefficient ratios, which are for Ci = 2x1073
and o = 0%, are shown as a function of the air to helium velocity ratio.
Also shown are the results of the simple analysis of the previocus section
for both laminar air to laminar helium flows and turbulent air to turbulent
helium flows. Included in the turbulent curve are both the effects of
velocizy ratic and Mach number of the experimental data presented. HNote
first that the data indicate that large reductions in skin-friction drag
can be accomplished by the film injection technique. Reductions as large
as 60 percent were found when the velocity ratio approached unity. It is
felt that at least part of the difference between the results of the anal-
ysis and the other data is attributable to mixing. As noted before,
increased mixing between the air and the helium film is to be expected
when the velocities of helium and exterior air flows are mismatched. The
analysis also indicates a continued downtrend of skin-friction drag s the
helium velocity 1s reduced; however, it seems reasonable to expect that
mixing will eventually occur, modifying this trend.

Visual compariscon of the film flows at the extremes of the velocity
ratiocs shown in figure 6 (i.e., M = 3 and M = 5) can be made by examina-
tion of the spark shadowgraphs shown in figures 7 and 8. Alsoc, for com-

parison, a spark shadowgraph taken at M = 5 and nc helium injection is
shown in figure 9.

It is apparent from the data that large reductions in skin-friction
rag can be accomplished by a streamwise film injection technique if some
care is exercised in the manner of injection. Consider now the effect on
skin friction of the rate of injection.

In figure 10 is shown the skin-friction drag coefficlent for the
M = 5 test condition versus the injection coefficient (5. We have seen
that it appears that the assumptions of the analysis presented in this
paper tend to be satisfied best at the test condition photographed in
figure 8. Therefore, it was at this point that the simplified analysis
was applied to obtain an estimate of the amount of skin-friction reduction.
From the photograph, transition of the film flow was determined to occur
3.85 inches aft of the cone tip. The theory of Van Driest (ref. 7) was
used to determine the air friction drag which was corrected to conical
flow, and equations (6) and (11) were used to adjust the result for the
effects of film injection. The result of these calculations is shown as
the filled symbocl at Ci = 1.35x1073 in figure 10. Also shown in figure 10
is an estimate of the no-injection friction drag coefficient (i.e., filled
symbol at Ci = 0). Transition was determined to occur 8.8 inches aft of
the cone tip with no injection (see fig. 9). The theory of Van Driest was
used to determine the air friction drag which was corrected to conical
flow.

o
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Also shown in figure 10 is the value of the injection coerfizicnt

o

when the static pressure of the helium film, as it issued from Lhe scnl.-
port, is exactly matched tc the air static pressure on the cone (i.c.,

Pp¥ = Pe). It can be scen from figure 10 that for injection ratcoc rreator
than about Ci = 2XlO'3, the skin-friction drag coefticient tends to
return to the level of the no-injection value. This behavior is undoer-
standable 1 cne examines a spark shadowgraph of the low over Lhoe cone

at M =95 and Ci = 4.9%107° as shown in figure 11. It cuan be seen thal

2t these relatively high mass flows the film as it is injcoted over Lhe
cone ig overpressurized with respect to the air flewing next to the conc,
The Iilm immediotely expands to alleviate this conditicn and it anperrs
that intense mixing results. However, in spite of this mixing it appec:
that the helium {ilm must still be quite effective since it counterachs
the elfect ol transition moving forward to the injection port. Arain it
is evident that some care must be taken in the manner of injeciicn %o
citaln the large reducltions in skin-fricticn drag. IL apnears also that
the static pressure of the ilm at the injection port should be approxi-
mately equal to the static pressure of the air at the point of injection.

re
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The data have shown that strcomwise injection of helium intc the
boundary layer of slender bodies can provide sizable reductions in skin-
friction drag as well as a slight th:ust. It is interesting Lo evaluate
these gains in terms cof an eguivalent specific impulse., The eguivalent
specific impulse is defined as:

drag reduclion (including injection thrusi), 1b

1s = weight Tlow oi helium, 1b/sec
or
s =2
. ACAf(l/_)pu S _ ACp U (1)
© gCipus 26C1
where

ACK. = ACp + Cp

If equation (13) is used for the thrust coefficient, the equivalent
specific impulse can then be written as;

ACpeu oyl oy’

I =

= +
2804 YH &

Performing the calculation for the best point at M = 5 (i.e.,

Ci = 1.35%1078, see fig. 10) we obtain a specific impulse due to fric-
tion drag reduction of 10 seconds and a specific impulse due tu thrust
of 1k0 seconds, or a total of 550 seconds. This is not meant o imply
that the film injection technigue may be used as uan eificient means of
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propulsicn. On the other hand, it is indicated, for example, that the

helium film injection technigue is more efficient in reducing axial Iric-
tion force than chemical rocket motors are in overcoming that force.

The model was tested at only small angles of attack and 1t appearsd

that at small angles of attack no appreciable washout of the Tilm occurrcd;

however, 1t sccms reasonablce to cxpect that at least some washout will
cecur at high angles of attack.

CONCLUDING REMARKS

It has been shown experimentslly that a reduction in skin-frictvicn
drag of a slender wvehicle traveling al hypersonic speeds cun be obtained
by the injection of a light gas into the boundary layer ncer the nosec.
At a Mach number of 5 a A0-percent reduction in the skin-Triction drag
of a 6% half-angle cone was found with the injection of = comparatively
small mass rate of helium (0.15 to 0.2 percent of the mass rate of free-
stream air swept out by the base of the cone).

Tw was zlsgo indicated that care must be exercised in the manncr of

injection so as io minimize the amount of large-scale turbulent mixing
of air into the helium {ilm.

Very little effect of the helium injection on pressure daistiribulion
ol the cone wos noted. At small angles ol attack essentially no wishout
of the helium film was observed.

Ames Research Center
Nailonal Aeronautics and Space Administration
Mofiett Field, Calif., July 26, 1960
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APPENDIX A
THRUST CORRECTION

Becouse of the manne s of injecetion (i.e., streamwise) some thrust

¢ e U'rom the momentum of Lthe injected gus. To determine the
injeziion upen the skin-Triciion drag of the ccne 1t 1s neces-—
ry Lo corcect the messurced data for this thrust.

Comparison of the meusured sressure at the injecticn perl and that
measured in the intericor helium supply tube shows that sonic flow was
attained by the helium in the injecticn port. Therefore in the analysis
oi Lhe thrunt correction 1t will bHe assumed that the injection is always
scnic. A diagram of the control region of the analysis 1s shown in the
sketeh below, The thius “ting on the model) is defined as the sum of
vressure f'orces in the ¢r1@l direr—
ticn on the Interior metol surlaces
of the nocel (positive forward).
The g 0 vhe metal walls on

the contiecl region arc therefore {ZZZZZZZE
coucl anc opposite in dirvection. L L L L
The momensam thoeorem written fox r'/«\\\\_ConﬂD|,egwn
<he control resion is then (neg-

lecting; the slishi inclinaticn of
the rlow)

o
/‘A*’ OH*; My, PH*

Th - PH*A* = I;’lH?::H* (A.l)

more 1n o is bt ne momentum is added througsh the right-hand
side oi he recion.  Note that sincce sonic flow is assumed in
the in cerion pap, we may write fhe following.

RyTy™ . a2y
P A = oA ay” —ii-" iy (A7)
& H H

Therelore the Lhirust may be written:

7H+l

Th = anaH* 7
H

Dcefining a thrust cocfficient, we finally oontain the fellowing relation
Tor “he thrust correction.

Th 2(yp+l) ag* )
Cp = - == = (,H+ H Cy (A3)
(1/2)ou2s T u
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where

oo = ML
L7 pus
subsonic or supersonic flow in

In the more general case of eitherx
equation (Al) becomes,

the injection port
Th - PHA = thuH

RyT
ZH IhH 2
’)'HMH

We may write the pressure force term in the following form.
Uy

Thus the thrust may be written as:
7HMH2+1

Apain defining the thrust coefficient, we obtain the following relation:
(Ah)

2(7HMH2+1) ug
T Ci

Th
¢ = =
7 (1/2)ouzs va Ll

where

R i =
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